The retina is highly sensitive to oxidative stress because of its high consumption of oxygen associated with the phototransductional processes. Recent findings have suggested that oxidative stress is involved in the pathology of age-related macular degeneration, a progressive degeneration of the central retina. A well-known environmental risk factor is light exposure, as excessive and continuous light exposure can damage photoreceptors. Nuclear factor-erythroid 2-related factor 2 (Nrf2) is a transcriptional factor that controls antioxidative responses and phase 2 enzymes. Thus, we hypothesized that RS9, a specific activator of Nrf2, decreases lightinduced retinal cell death in vivo and in vitro. Nrf2 was detected in the nucleus of the 661W cells exposed to RS9 and also after light exposure, and the Nrf2-antioxidant response element binding was increased in 661W cells after exposure to RS9. Consequentially, the expression of the phase 2 enzyme's mRNAs of Ho-1, Nqo-1, and Gclm genes was increased in 661W cells after exposure to RS9. Furthermore, RS9 decreased the light-induced death of 661W cells (2500 lux, 24 h), and also reduced the functional damages and the histological degeneration of the nuclei in the outer nuclear layer or the retina in the in vivo studies (8000 lux, 3 h). Heme oxygenase-1 was increased after light exposure, and Nrf2 was translocated into the nucleus after light exposure in vivo. Silencing of Ho-1 reduced the protective effects of RS9 against light-induced death of 661W cells. These findings indicate that RS9 has therapeutic potential for retinal diseases that are aggravated by light exposure. Keywords: AMD, HO-1, light-induced retinal degeneration, Nrf2, photoreceptor, retina. The CNS including the brain, spinal cord, and retina are sensitive to alterations in redox conditions (Valko et al. 2007; Dasuri et al. 2013) , and a breakdown of redox homeostasis leads to oxidative damage. Oxidative stress can develop endogenously through normal physiological activities. This is especially true for the retina because of its high consumption of oxygen associated with the phototransductional processes (Valko et al. 2007; Mikami et al. 2011; Dasuri et al. 2013) . Recent findings have suggested that oxidative stress is involved in the pathology of neurodegenerative diseases, such as Parkinson's disease, Alzheimer disease, amyotrophic lateral sclerosis (ALS), and age-related macular degeneration (AMD) (Dexter et al. Received February 6, 2017; revised manuscript received March 12, 2017; accepted March 13, 2017. Address correspondence and reprint requests to Prof. Hideaki Hara, Molecular Pharmacology, Department of Biofunctional Evaluation, Gifu Pharmaceutical University, 1-25-4 Daigaku-nishi, Gifu 501-1196, Japan. E-mail: hidehara@gifu-pu.ac.jp
The CNS including the brain, spinal cord, and retina are sensitive to alterations in redox conditions (Valko et al. 2007; Dasuri et al. 2013) , and a breakdown of redox homeostasis leads to oxidative damage. Oxidative stress can develop endogenously through normal physiological activities. This is especially true for the retina because of its high consumption of oxygen associated with the phototransductional processes (Valko et al. 2007; Mikami et al. 2011; Dasuri et al. 2013) . Recent findings have suggested that oxidative stress is involved in the pathology of neurodegenerative diseases, such as Parkinson's disease, Alzheimer disease, amyotrophic lateral sclerosis (ALS), and age-related macular degeneration (AMD) (Dexter et al. 1989; Ando et al. 1998; Smith et al. 1998; Beatty et al. 2000) .
AMD is a progressive degeneration of the central retina, usually bilaterally, causing a severe reduction in vision. Advanced AMD can be classified into two types: the dry type of AMD and the wet type of AMD. In dry AMD, there is a progressive degeneration of the photoreceptors in the fovea and the supporting tissues beneath the foveal area. These changes lead to geographic atrophy which causes vision reduction. In wet AMD, abnormal blood vessels grow beneath the retina forming a neovascular membrane. These vessels can leak fluid and blood that cause swelling and damage of the photoreceptors in the macular area. The pathogenesis of AMD is multifactorial and many genetic and environmental factors have been implicated. The well-known environmental risk factors are light exposure, high fat diet, smoking, and oxidative stress (Khandhadia and Lotery 2010) . At present, intravitreal injections of anti-vascular endothelial growth factors are the treatment of choice for wet AMD. However, no efficacious treatment is available for dry AMD (Rattner and Nathans 2006; Jager et al. 2008; Wright and Ambati 2016) . Excessive and continuous light exposure can damage the photoreceptors (Noell et al. 1966; Wenzel et al. 2005) , and there is good evidence that light exposure will worsen dry AMD (Cruickshanks et al. 2001) . However, the pathways involved in the damage of the photoreceptors after light exposure have not been fully determined.
Nuclear factor-erythroid 2-related factor 2, Nrf2, is a transcriptional factor that controls antioxidative responses and phase 2 enzymes such as heme oxygenase-1 (HO-1), nicotinamide adenine dinucleotide phosphate:quinone oxidoreductase-1, and glutamate-cysteine ligase modifier subunit (Dinkova-Kostova et al. 2005; Thimmulappa et al. 2006) . Nrf2 binds to the antioxidant response element (ARE) and turns on the expression of many antidotal, cytoprotective, and anti-inflammatory genes. Nrf2 is activated by the cytoplasmic suppression of Kelch-like ECHassociated protein 1 (KEAP1) under normal conditions. However, under stressful conditions including oxidative stress, Nrf2 dissociates KEAP1 and accumulates in the cellular nuclei where they bind to ARE. Nrf2 also regulates the transcription of antioxidant genes (Kensler et al. 2007; Sykiotis and Bohmann 2010) .
The well-known Nrf2 activator, bardoxolone methyl (BARD) is a triterpenoid, which interacts with KEAP1. BARD has been reported to have anti-inflammatory properties, and it induces the differentiation of a variety of cells. It also has growth arresting and proapoptotic abilities in cancer cells in vitro. BARD also appears to be active in many pathological conditions such as lung diseases and nephropathic toxicities (Liby and Sporn 2012) . The chemical formula of RS9 (C 32 H 43 NO 6 ) is methyl (1a,2a,21b)-2-cyano-21-hydroxy-3,12-dioxo-1,2-epoxyolean-9(11)-en-28-oate, and it is a microbial transformation product that was isolated by Daiichi Sankyo Co., Ltd. (Tokyo, Japan). RS9 is a specific activator of Nrf2 (Nakagami et al. 2015a,b) . RS9 alters the permeability of the blood-retinal barrier and has cytoprotective effects in the retina of mice and rabbits (Nakagami et al. 2015a,b) . However, a more accurate determination of the mechanism(s) underlying the protective effects of RS9 must be made.
We hypothesized that RS9 decreased light-induced retinal cell death in vivo and in vitro. Thus, the purpose of this study was to determine whether RS9 has protective abilities against light-induced retinal degeneration in vivo and in vitro. To accomplish this, we exposed 661W cells, a transformed retinal photoreceptor cell line, to RS9 and then determined the degree of light-induced cell death. Immunohistochemistry was used to determine the effect of Nrf2 and HO-1 activation on the light-induced cell death.
Materials and methods
Cell culture 661W cells, an immortalized retinal tumor cell line, were a kind gift from Dr. Muayyad R. Al-Ubaidi (University of Oklahoma Health Sciences Center, Oklahoma City, OK, USA). The 661W cells express many cone photoreceptor antigens (Tan) and have been referred to in many research studies as a photoreceptor cell line. The 661W cells were maintained in Dulbecco's modified Eagle medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) containing 10% fetal bovine serum (FBS), 100 U/mL penicillin (Meiji Seika Kaisha Ltd., Tokyo, Japan), and 100 lg/mL streptomycin (Meiji Seika) under a humidified atmosphere of 95% air and 5% CO 2 at 37°C. Cells were released by trypsinization and passaged every 2-3 days.
Cell exposure and RNA isolation 661W cells were cultured with RS9 and the level of the expression of the mRNA of Ho-1, Nqo-1, and Gclm genes was determined after 6 h. RNA was isolated from the cells with a NucleoSpin â RNA kit (Takara, Shiga, Japan) according to the manufacturer's protocol. The RNA concentrations were determined spectrophotometrically at 260 nm by NanoVue Plus (GE Healthcare Japan, Tokyo, Japan). The isolated RNAs were converted into first-strand cDNA using a PrimeScript RT reagent kit (Perfect Real Time; Takara) according to the manufacturer's protocol.
Quantitative real-time-PCR (qRT-PCR)
The level of expression of the mRNAs of the Ho-1, Nqo1, and Gclm genes was determined by quantitative real-time-PCR (qRT-PCR). SYBR Premix Ex Taq TM II (Takara) and a TP 8000 Thermal Cycler Dice Real Time system (Takara) were used. The PCR primer sequences were as follows: For Ho-1, 5 0 -5 0 -CAAGCCGAGAAT GCTGAGTTCATG-3 0 , and For Ho-1,
and For Gclm 3 0 -5 0 -TGCTCTTCACGATGACCGAGTACC-3 0 ;
For Glyceraldehyde-3-phosphate dehydrogenase (Gapdh), 5 0 -5 0 -T GTGTCCGTCGTGGATCTGA-3 0 ; and For Gapdh,
Effect of RS9 exposure on 661W cells in vitro RS9 was a kind gift from the Daiichi Sankyo Co., Ltd. (Tokyo. Japan) (Nakagami et al. 2015a,b) . It was dissolved in dimethylsulfoxide (DMSO) and diluted with DMEM containing 1% FBS (final concentration of dimethylsulfoxide was less than 0.1%). To determine the effects of RS9 exposure on the light-induced death of 661W cells, the RS9 solution was added to the medium of the 661W cells 18 h after seeding the cells. After 5 h of exposure to RS9, the medium was replaced with fresh DMEM containing 1% FBS, and RS9 was added again. The cells were then irradiated with 2500 lux of white fluorescent light (Nikon, Tokyo, Japan) for 24 h at 37°C and the number of dead cells determined. N-acetyl cysteine (NAC; 1 mM) was used as a positive control and was added to the medium.
Immunostaining of 661W cells
The 661W cells were seeded at a density of 1. 
Nuclear extraction
The 661W cells were seeded at a density of 1.5 9 10 5 cells/well in six-well plate. After incubation for 24 h, the medium was changed to DMEM with 1% FBS and incubated for another 1 h. Next, the cells were exposed to 2500 lux of white fluorescent light for 6 h and the ProteoExtract â Subcellular Proteome kit (Merck Millipore, Darmstadt, Germany) was used to extract the nuclear proteins following the manufacturer's protocol.
Immunoblotting
The protein concentration was determined by comparing it to known concentrations of bovine serum albumin using a bicinchoninic acid (BCA) Protein Assay kit (Thermo Fisher Scientific). For immunoblotting, about 1.5 lg of total protein was diluted in the sample buffer with 20% 2-mercaptoethanol (Wako, Osaka, Japan). Cell lysates were solubilized in sodium dodecyl sulfate sample buffer, separated on 5-20% sodium dodecyl sulfate-polyacrylamide gradient gels, and transferred to polyvinylidene difluoride membrane (Immobilon-P; Merck Millipore). The membranes were blocked by Block One-P (Nakarai Tesque, Inc., Kyoto, Japan) for 30 min at room temperature (24 AE 2°C). Then the membranes were incubated overnight at 4°C with the primary antibody. The membranes were rinsed with Tris-buffered saline with 0.05% Tween 20 and incubated with secondary antibody diluted 1 : 2000 for an hour at room temperature (24 AE 2°C). The immunoblots were developed using chemiluminescence (ImmunoSter LD; Wako) and were viewed with digital imaging system (LAS-4000UVmini; Fujifilm, Tokyo, Japan). The primary antibodies used for immunoblotting were rabbit monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase (Cat# 2118 also 2118L, RRID: AB_561053, CST) (1 : 1000), rabbit monoclonal anti-c-JUN (Cat# 9165, RRID: AB_2130165, CST) (1 : 1000), and rabbit polyclonal anti-Nrf2 (Cat# sc-13032, RRID: AB_2263168; Santa Cruz) (1 : 200). The secondary antibody was goat anti-rabbit horseradish peroxidase (HRP) conjugated (Thermo Fisher Scientific) (1 : 2000) ( Table 1) . For quantitative analysis, the level of protein signals was measured by Multi Gauge Version 3.0 (Fujifilm). For immunoblotting of the retinas obtained from the in vivo studies, mice were killed by cervical dislocation and their eyes quickly removed. The retinas were immediately separated from the choroid and frozen in liquid nitrogen. The tissues were homogenized in cell lysis buffer with a homogenizer for protein extraction. The retinal lysates were centrifuged at 12 000 g for 20 min, and the supernatant was used. The protein concentration in the supernatants was measured by comparisons to known concentrations of bovine serum albumin using a BCA Protein Assay kit (Thermo Fisher Scientific). The primary antibodies for electrophoresis were rabbit polyclonal anti-Nrf2 (Cat# sc-13032, RRID: AB_2263168; Santa Cruz) diluted 1 : 200, rabbit polyclonal anti-HO-1 (Cat# AB1284, RRID: AB_90562; Merck Millipore) diluted 1 : 1000, and mouse monoclonal anti-b-actin (Cat# A2228, RRID: AB_476697; SigmaAldrich) diluted 1 : 20 000. The secondary antibodies used were goat anti-rabbit HRP-conjugated (1 : 2000; Thermo Fisher Scientific) or HRP conjugated goat anti-mouse (1 : 2000; Thermo Fisher Scientific) (Table 1) .
Electrophoretic mobility shift assay Electrophoretic mobility shift assay (EMSA) was performed with the EMSA 'Gel Shift Kit' (Pcnomics, Fremont, CA, USA) with a biotin-labeled Nrf2 consensus oligonucleotide probe (Sequence 5ʹ-GCTCTTCCGGTGCTCTTCCGGT-3ʹ). The assay was conducted according to the manufacturer's protocol. Six micrograms of nuclear proteins of 661W cells were incubated in a binding buffer for 5 min at room temperature (24 AE 2°C). The samples were then loaded on a non-denaturing 6% polyacrylamide gel and electrophoretically separated in 0.59 TBE buffer. The protein was transferred to a Biodyne â B Nylon Membrane (Pall Corporation, Port Washington, NY, USA), and the membrane was fixed by baking the membrane for 1 h in a drying oven at 80°C. Then, the membrane was blocked for 15 min, incubated in Streptavidin-HRP solution for 15 min, and incubated in detection buffer for 5 min. The membrane was placed in the working solution for 5 min, and finally, the membrane was viewed with a digital imaging system (LAS-4000UVmini; Fujifilm).
Light irradiation-induced cell death assay 661W cells were seeded at 3000 cells/well in 96-well plates for 24 h. Then, the entire medium was changed with fresh DMEM containing 1% FBS. The cells were then exposed to 2500 lux of white fluorescent light (Nikon) for 24 h at 37°C.
The cells were stained 24 h after the light exposure by adding Hoechst 33342 (k ex = 360 nm, k em > 490 nm) and propidium iodide (PI) (k ex = 535 nm, k em > 617 nm) to the culture medium for 15 min. The final concentrations of Hoechst33342 were 8.1 lM and PI 1.5 lM. Hoechst 33342 enters living cells and dead cells and stains the nuclei. PI is a membrane-impermeable dye but can enter dead cells. We recorded the images of the stained cells with an Olympus IX70 inverted epifluorescence microscope (Olympus). ImageJ software (National Institutes of Health, Bethesda, MD, USA) was used to count the total number of cells and percentage of PI-positive cells was calculated (Izawa et al. 2016) .
Animals
The in vivo experiments were performed in accordance with the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research. The procedures were approved and monitored by the Institutional Animal Care and Use Committee of Gifu Pharmaceutical University. Male albino ddY mice (Japan SLC, Hamamatsu, Japan) ages 7-8 weeks old were used. All efforts were made to minimize both the suffering and the number of animals used. The mice were kept in specific pathogen-free conditions, and had access to food (CLEA Fig. 1 RS9 induction of nuclear factorerythroid 2-related factor 2 (Nrf2)-related genes. (a) Structure of RS9, a new Nrf2 activator. RS9 is methyl (1a,2a,21b)-2-cyano-21-hydroxy-3,12-dioxo-1,2-epoxyolean-9(11)-en-28-oate. The expression of Nrf2-related genes in 661W cells, a photoreceptor cell line, after they are exposed to RS9 for 6 h. The expression of Ho-1 (b), Nqo1 (c), and Glcm (d) is up-regulated by prior exposure to RS9 in a dose-dependent manner. Data are the means AE standard error of the means (SEMs) (n = 4). *: p < 0.05, **: p < 0.01 versus control group (Dunnett's test). rodent diet CE-2; CLEA Japan, Inc. Tokyo, Japan) and water ad libitum. The room temperature was maintained at 24 AE 2°C under controlled lighting conditions of 12 h light : 12 h dark). The maximum number of animals per cage was seven. We used total 102 mice in this study and excluded 8 mice based on the following criteria for exclusion. The mice, which escaped from the cage for more than 5 min and were not successfully intravitreal administration, were excluded from the analyses. All experiments were performed in randomization. The mice were numbered and we used the 'RAND' program in the Excel software (Microsoft, Redmond, WA, USA) to provide the mice with random numbers. Then, we grouped mice with the random numbers, and confirmed that there was no difference in body weight in each group. Analyses were conducted blindly by Mr. Tomohiro Otsuka and evaluation was done by Mr. Yuki Inoue.
Exposure to light Twenty-four hours after dark adaptation, the animals' pupils were dilated with 1% topical cyclopentolate hydrochloride (Santen Pharmaceuticals Co. Ltd., Osaka, Japan) 30 min before the light exposure. Non-anesthetized mice were exposed for 3 h to 8000 lux of white fluorescent light (Toshiba, Tokyo, Japan) in cages with reflective inner surfaces as reported in detail (Imai et al. 2010) . The ambient temperature during the light exposure was maintained at 25 AE 1.5°C. After the light irradiation, all mice were placed in the dark for 24 h and then returned to the standard lighting conditions.
Effect of intravitreal of RS9 of retina of mice RS9 was diluted by PLA-0020, a poly-lactide (20000 D; Wako), at a ratio of 1 : 9 of RS9 to PLA-0020. This solution was made so the RS9 would be released slowly. Two microliters of 3 mM RS9 was injected into the vitreous by inserting a 33-gauge needle through the corneal-scleral junction under isoflurane anesthesia. The mice were then exposed to 8000 lux light 6 h after the injection. For the control experiments, the same volume of saline with PLA-0020 was Fig. 2 Activation of nuclear factor-erythroid 2-related factor 2 (Nrf2) in 661W cells after 6 h of light exposure. (a) Representative images of non-light-exposed 661W cells, 661W cells exposed to RS9 for 6 h before light irradiation, and 661W cells exposed to RS9 and light exposure. Nrf2 was translocated into the nucleus after prior exposure to RS9 by light exposure, and light exposure with RS9 treatment. Scale bars, 50 lm. (b) Western blot analysis of nuclear extracts with antiNrf2, anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and anti-c-Jun. Nrf2 was translocated into the nuclei of the 661W cells after exposure to RS9 and 6 h after light exposure, or to light exposure with prior RS9 exposure. GAPDH, cytosol marker; c-Jun, Nuclear marker. (c) Electrophoretic mobility shift assay was performed on nuclear extracts of 661W cells (control) or 661W cells exposed to RS9. For competition experiments, the unlabeled (cold) probe was included. The positions of the DNA-protein complexes are indicated by the arrowheads.
injected in the same way. The injection volume was 2 lL in all cases.
Electroretinogram analysis
Five days after exposing the mice to the bright light, electroretinograms (ERGs) were recorded from the experimental and control mice. Before beginning the recordings, the mice were kept in a dark room for 24 h, and the mice were anesthetized by an intraperitoneal injection of a mixture of 120 mg/kg of ketamine (Daiichi Sankyo Co., Ltd.,) and 6 mg/kg xylazine (Bayer Health Care, Tokyo, Japan). The pupils were dilated with 1% tropicamide and 2.5% phenylephrine (Santen), and ERGs were recorded from the left eyes. The ERGs were picked up by a golden-ring electrode (Mayo, Aichi, Japan) placed on the cornea and the reference electrode (Nihon Kohden, Tokyo, Japan) was placed on the tongue. The animal was grounded by a subcutaneous electrode (Nihon Kohden) near the tail. All of these preliminary procedures were performed under dim red light, and the mice were placed on a heating pad to maintain body temperature. The amplitude of the a-wave was measured from the baseline to the trough of the a-wave peak, and the b-wave was measured from the trough to the b-wave peak using Scope for Windows (AD Instrument, Nagoya, Japan).
Histological analyses
After cervical-spine dislocation, the eye was enucleated and fixed in 4% PFA for 24 h at 4°C. Six paraffin-embedded sections (thickness, 5 lm) were cut through the optic disc, mounted on the microscope slides, and stained with hematoxylin and eosin. The degree of damage induced by the light irradiation was examined in six sections from each eye by morphometric analysis. Light microscope images were taken by KEYENCE (Osaka, Japan), and the outer nuclear layer (ONL) thickness was measured at 240-lm intervals from the optic nerve to the periphery using ImageJ software. Data from three (randomly selected fields from the six sections) were averaged for each eye.
Immunohistochemistry
Eyes were enucleated, immersed in 4% PFA for 24 h at 4°C, and then placed in 25% sucrose for 48 h at 4°C. The eyes were embedded in optimal cutting temperature compound (Sakura Finetechnical Co., (1 mM). Data are the means AE SEMs (n = 6). **p < 0.01 versus control group (t-test). ##p < 0.01 versus light-exposed vehicle group (Dunnett's test). Ltd., Tokyo, Japan). Ten-micrometer sections were cut with a cryostat and placed on glass slides (MAS COAT; Matsunami Glass Ind., Ltd., Osaka, Japan). The retinal sections were blocked in horse serum or mouse on mouse blocking reagent and incubated with primary antibody overnight at 4°C. Then, the sections were washed with phosphate-buffered saline and incubated with the secondary antibody for 1 h at room temperature (24 AE 2°C). Finally, they were counterstained with Hoechst 33342, incubated in TrueBlack TM Lipofuscin Autofluorescence Quencher (Biotium, Inc.; Hayward, CA, USA) for 30 s, and mounted in Fluoromount (Diagnostic BioSystems). The following primary antibodies were used for immunostaining: anti-Nrf2 rabbit polyclonal antibody (1 : 50; Cat# sc-13032, RRID: AB_2263168; Santa Cruz), rhodopsin (1 : 1000; Cat# MABN15, RRID: AB_10807045; Merck Millipore Corporation, Bedford, MA, USA), glutamine synthase (GS) (1 : 1000; Cat# MAB302, RRID: AB_2110656, CST), and HO-1 (1 : 100; Cat# AB1284, RRID: AB_90562; Merck Millipore). Alexa Fluor 488 F (ab') 2 fragment of goat anti-mouse IgG (H+L) antibody (1 : 1000; Thermo Fisher Scientific) was used for the secondary antibody. The sections were photographed with a confocal microscope (FLUO-VIEW FV10i; Olympus). 
RNA interference

In vitro siRNA transfection
To assess the effect of Ho-1 siRNA knockdown, 661W cells were seeded at 5000 cells/well in 24-well plates containing the standard cultured medium at 37°C for 24 h. Then the medium was changed to antibiotic-free standard culture medium and transfected with 50 nM of siRNA using Lipofectamine TM RNAiMAX Reagent (Thermo Fisher Scientific) and Opti-MEN (Thermo Fisher Scientific) according to the manufacturer's protocol. After 24 h of exposure, the medium was replaced by DMEM containing 1% FBS. One hour after the exchange the cells were exposed to 2500 lux of fluorescent light for 24 h at 37°C and western blot analysis was performed. To quantify the percentage of cell death, the 661W cells were seeded at 1000 cells/well into 96-well plates. The medium was changed to cultured antibiotic-free standard medium and transfected with 50 nM of siRNA. After 24 h of transfection, the medium was replaced by DMEM containing 10% FBS and RS9. Five hours after RS9 exposure, the medium was changed to DMEM containing 1% FBS and RS9. One hour after the change in medium, cells were irradiated with visible light (2500 lux) for 24 h at 37°C and the cell death assay was performed by nuclear staining.
Statistical analyses
To obtain 80% power in our in vivo and in vitro efficacy studies, we conducted a power analysis using our historical data to detect a statistically significant difference of 20% in one single task and determined to use four sample size (Fig. 1) , six sample size (Fig. 3) , 10 and 11 mice (Fig. 4) , 5 mice (Fig. 5) , 6-8 mice (Fig. 7) , and six sample size (Fig. 9) per group when feasible.
The data are presented as the means AE standard error of the means (SEMs). The significance of differences in the values was determined by Student's t-tests or one-way ANOVA with Dunnett's tests. The statistical analyses were performed with the SPSS Statistics (IBM, Armonk, NY, USA) software. A p < 0.05 was taken to be statistically significant.
Results
RS9-induced Nrf2-related phase2 enzymes in 661W cells
qRT-PCR was used to determine whether RS9 exposure will increased the expression of Nrf2-related genes, for example, Nuclear import of Nrf2 is increased in the outer nuclear layer (ONL) and inner nuclear layer (INL). Nrf2 is co-localized with rhodopsin and GS. HO-1 is localized in the ONL and INL, and merged with GS. Arrowhead showed nuclear import of Nrf2. Arrow shows non-nuclear import of Nrf2. Scale bar; 50 or 20 lm.
the Ho-1, Nqo-1, and Gclm genes. The chemical structure of RS9 is shown in Fig. 1(a) . Exposure to RS9 for 6 h increased the levels of the mRNAs of Ho-1, Nqo-1, and Gclm in 661W cells (n = 4, Fig. 1b-d) . The increase was 9.8-, 3.0-, and 1.6-fold versus control, respectively. These findings indicate that RS9 activated Nrf2 and induced the production of the Nrf2-related phase 2 antioxidative enzymes.
Nuclear translocation of Nrf2 after RS9 exposure or lightinduced damage of 661W cells To confirm that RS9 exposure and light irradiation activated Nrf2, we immunostained the 661W cells. Under normal conditions, Nrf2 does not enter the nuclei of cells; however, in 661W cells exposed to RS9 light irradiation, Nrf2 was translocated into the nuclei (Fig. 2a) . Nuclear extraction assays showed that the expression of Nrf2 was increased in the nuclei but not changed in the cytoplasm (Fig. 2b ). An earlier study from our laboratory showed that reactive oxygen species (ROS) was produced at 6 h after light irradiation (Imamura et al. 2014 ). The nuclear extracts of 661W cells with or without RS9 exposure were examined by EMSA, and the results showed there was a higher binding of the nuclear proteins isolated from 661W cells exposed to RS9 to an oligonucleotide probe than to the nuclear proteins isolated from 661W cells exposed to the vehicle (Fig. 2c) . These findings suggested that Nrf2 was activated after light exposure in 661W cells and this activation may be the cause of the ROS production.
Protective effects of RS9 against light-induced death of 661W cells To determine whether RS9 can reduce the percentage of dead cells induced by light exposure, 661W cells were treated with RS9 and 6 h later exposed the cells to 2500 lux for 24 h (Fig. 3a) . Typical images of Hoechst 33342 and PI stained sections are shown in Fig. 3(b) . Light exposure increased the number of dead 661W cells significantly, and prior exposure to 100 and 1000 nM of RS9 reduced the percentage of dead cells. Similar findings were made after exposure to 1 mM of NAC as a positive control (n = 6, Fig. 3b and c) .
Effect of prior RS9 exposure on light-induced retinal degeneration in mice in vivo The effects of RS9 on the light-induced degeneration of the retina of mice were studied by recording ERGs (Fig. 4a) . Our results showed that both the a-and b-wave amplitudes of the ERGs were significantly decreased at 5 days after exposure to 8000 lux white fluorescent light, but a prior intravitreal injection of 2 lL of 3 mM of RS9 attenuated the effects of light irradiation (n = 9, Fig. 4c and d) . At 5 days after the light exposure, the a-and bwave amplitudes elicited by 0.98 log cds/m 2 were larger by 32% and 58%, respectively, after prior exposure to RS9 than after Fig. 7 Expression of nuclear factor-erythroid 2-related factor 2 (Nrf2) and HO-1 after light irradiation and exposure to RS9 in mice. (a) Representative band images show immunoreactivity against Nrf2 and HO-1. (b) Expression of HO-1 is significantly up-regulated 6 h after light irradiation and treatment with RS9. (c) Nrf2 is not altered 6 h after light irradiation and treatment with RS9. Data are the means AE SEMs (n = 6 or 7). **p < 0.01 versus normal group. #p < 0.05 versus vehicle-treated group (t-tests). Fig. 8 Changes in location of nuclear factor-erythroid 2-related factor 2 (Nrf2) and HO-1 after light irradiation and RS9 exposure in murine retina. Representative photomicrographs are shown for immunostaining of Nrf2 and rhodopsin (a), Nrf2 and glutamine synthase (GS) (b), and HO-1 and GS (c) after exposure of RS9 and 6 h of light irradiation in murine retina. Nrf2 is mainly present in M€ uller glia cells and less strongly in photoreceptors. HO-1 was activated in outer nuclear layer (ONL) and inner nuclear layer (INL). Double immunostaining of HO-1 and GS showed that Ho-1 is colocalized with GS 6 h after exposure to light. Arrowhead shows nuclear import of Nrf2. Arrow showed non-nuclear import of Nrf2. Scale bar; 50 or 20 lm.
exposure to the vehicle. Histological analyses were also performed to determine the effects of prior exposure to RS9 on the light-induced alterations on the morphology of the retina. Representative retinal images of the superior retina between 380 and 720 lm from the optic nerve head at 5 days after exposure to light (8000 lux) are shown in Fig. 4(e) . The ONL was thinner in the light-exposed, vehicle-treated retina than in the non-lightexposed retina (n = 9, Fig. 4f ). The ONL of eyes with prior exposure to RS9 before the light exposure was significantly thicker than that of eyes without RS9 exposure (n = 9, Fig. 4f ). Quantitative analysis showed that the prior exposure to RS9 reduced the thinning of the ONL by about 50% compared to the vehicle-treated eyes (n = 9, Fig. 4f ).
Changes in Nrf2-related proteins in retina after exposure to light We then determined the effect of light exposure on the expression of Nrf2-related proteins by western blot analysis of whole retinal lysates. The Nrf2 levels did not increase after light irradiation (n = 5, Fig. 5a and b) ; however, the levels of HO-1 increased by about 3.9-fold compared to that of the control retinas (n = 5, Fig. 5a and c).
Localization of Nrf2 and HO-1 in murine retinas after light irradiation Immunostaining was performed to determine the changes in the location of Nrf2 and HO-1 at 24 h after light exposure. Nrf2 was translocated into the nuclei (Fig. 6a and b ) especially in the nuclei in the ONL and inner nuclear layer (INL). Because of the increased expression in the ONL, we performed double immunostaining with Nrf2 and rhodopsin or GS, a marker of M€ uller glia cells. The results showed that Nrf2 was co-localized with both rhodopsin and GS ( Fig. 6a  and b ). These findings indicated that light irradiation activated Nrf2 not only in the photoreceptor nuclei but also in the nuclei of M€ uller cells. Other experiments showed that HO-1 was also localized in ONL and INL, and it was colocalized with GS (Fig. 6c) .
Exposure to RS9 activates Nrf2 earlier after light irradiation in murine retinas than after exposure to vehicle Western blotting and immunostaining were used to determine whether RS9 exposure changed the expression of Nrf2 and HO-1 after light irradiation of the retina. Typical western blot images are shown in Fig. 7(a) . The HO-1 levels were increased by exposure to RS9 at 6 h after light irradiation (n = 6 or 7, Fig. 7b ). However, exposure to RS9 did not increase the Nrf2 levels (n = 6 or 7, Fig. 7c ). Immunohistochemistry showed that Nrf2 was mainly increased in M€ uller glia cells and less strongly in photoreceptors after exposure to RS9 (Fig. 8a and b) . HO-1 was increased in the ONL and INL after exposure to RS9. Double immunostaining for HO-1 and GS showed that HO-1 was co-localized with GS at 6 h after exposure to light.
Ho-1 knockdown blocks protective effects of RS9 against light-induced degeneration in 661W cells Finally, we examined whether HO-1 was involved in the protective effects of RS9 against light-induced death by siRNA Ho-1 knockdown. We confirmed that the Ho-1 knockdown contained the #1, #2, or #3 sequences of 30%, 32%, and 27% less, respectively (n = 4, Fig. 9a and b) . We used Ho-1 siRNA #3 sequence on the following experiments (see Fig. 9c ). Typical images of Hoechst 33342 and PI staining are shown in Fig. 9(d) . Light exposure increased the death of 661W cells significantly, and prior exposure to RS9 significantly reduced the number of dead cells as did treatment with NAC (1 mM: used as a positive control; Fig. 9e) . However, the silencing of Ho-1 increased the percentage of cell death induced by light exposure and suppressed the protective effects of RS9 against the light-induced death of 661W cells (n = 4 or 6, Fig. 9e ).
Discussion
The results showed that RS9 was a potent inducer of Nrf2 signaling in 661W cells, a photoreceptor cell line, and RS9 had protective effects against light-induced degeneration of photoreceptor in vivo and 661W cells in vitro. Activated HO-1 played a role in the RS9-mediated retinal neuronal cell protection, which is a possible mechanism for the protective effects of RS9 against light-induced photoreceptor degeneration (Fig. 10) .
The nuclear translocation of Nrf2 leads to an induction of phase 2 enzymes, such as Ho-1, Gclm, and Nqo-1, and the induction of these enzymes is important for protecting tissues against endogenous and exogenous stress. In fact, many studies have reported on the efficacy of antioxidants including sulforaphane (Prestera et al. 1995) and astaxanthin (Wu et al. 2014) in protecting the retina and other tissues from oxidative stress and cytotoxic injury through the activation of Nrf2. We have shown that RS9 and BARD, which are known Nrf2 activators, have in vivo and in vitro protective effects against oxidative injury in brain ischemia and hemorrhagic transformation under warfarin anticoagulation (Takagi et al. 2014; Imai et al. 2016; Yamauchi et al. 2016) . The results of this study showed that RS9 protected cells of a photoreceptor cell line and photoreceptors of intact mice from light-induced death in vitro and in vivo (Figs 3  and 4 ). This accounts of the report that Nrf2 knockout mice have a higher rate of death after the optic nerve is crushed (Himori et al. 2013) . Nrf2 also promotes retinal vascular regeneration in ischemic neurons (Wei et al. 2015) , and deficiency of Nrf2 produced ocular pathology similar to human AMD (Zhao et al. 2011) . Moreover, adeno-associated virus vectors-mediated Nrf2 was more effective than other antioxidative enzymes such as superoxide dismutase 2 and catalase (Xiong et al. 2015) . These findings indicate that Nrf2 plays important roles in the pathological conditions of the retina.
In light-induced retinal degeneration models, various stress factors including oxidative stress, endoplasmic reticulum stress, or disruption of the defense mechanisms contribute to photoreceptor cell damage (Kunchithapautham and Rohrer 2007; Imai et al. 2010; Tsuruma et al. 2011; Nakanishi et al. 2013; Narimatsu et al. 2013; Zhou et al. 2015) . Under stress conditions, the intracellular calcium levels are increased in the photoreceptors, and ROS are generated (Yang et al. 2003; Wenzel et al. 2005; Kuse et al. 2014) . In fact, we have reported that 8-hydroxy-2 0 -deoxyguanosine, a marker of oxidative stress, was expressed in the ONL after light exposure. In this study, HO-1 expression reached a peak 24 h after light irradiation in vivo and Nrf2 was found in the ONL and INL after light exposure (Figs 5 and 6 ). The results of earlier studies have shown that HO-1 expression plays a role in neuronal protection by regulating Nrf2-ARE signaling (Catino et al. 2015; Gu et al. 2015; Yin et al. 2015; Guo et al. 2016) . The ONL contains the nuclei of the photoreceptor cells, and the INL contains the nuclei of bipolar, horizontal, and amacrine cells as well as that of the M€ uller glia cells. Several studies have shown that Nrf2 is expressed in not only in neuronal cells but also in astrocytes and microglial cells (Dang et al. 2012; Takagi et al. 2014) . In fact, silencing of Ho-1 in cells of a photoreceptor cell lines abrogated the protective effects of RS9 against light-induced damage (Fig. 9) . Taken together, these findings indicate that activation of Nrf2 occurs in both cells of a photoreceptor cell and a M€ uller glia cell, and this activation was required for protection against the death of these cells. M€ uller glia cells have neuroprotective activity against neurotoxicity in the retina (Arroba et al. 2014; Matteucci et al. 2014) . M€ uller glia cells lacking r1 receptors have elevated ROS production through the suppression of Nrf2 signaling and blocking the Na + -independent glutamatecystine exchanger . In addition, hypoxia-induced M€ uller glia cell damage and vascular injury of the retina are modulated by oxidative stress (Tan et al. 2015) . These findings suggest that the protection of M€ uller glia cell is important for retinal neuroprotection. In fact, we demonstrated that exposure to RS9 resulted in an earlier activation of HO-1 and also earlier nuclear translocation of Nrf2 than that in the vehicle-treated groups. In addition, HO-1 colocalized with GS, a M€ uller glia cell marker (Figs 7 and 8) . Some neurotrophic factors including ciliary neurotrophic factor initially targets M€ uller glia, and subsequently induce cytokine production in the photoreceptors to promote neuronal survival (Rhee et al. 2013) . Furthermore, microglia-M€ uller glia cell interactions control neurotrophic factor production during light-induced retinal degeneration (Harada et al. 2002) . Induction of HO-1 from glial cells such as astrocytes protects nearby cerebral neurons from hypoxiainduced apoptosis (Imuta et al. 2007) . Collectively, an earlier activation of HO-1 in M€ uller glia cell might influence the photoreceptor and attenuate the death of photoreceptors. Fig. 10 Putative mechanism of RS9 against light-induced photoreceptor degeneration. In normal conditions, nuclear factor-erythroid 2-related factor 2 (Nrf2) activity is mediated by cytoplasmic suppression by KEAP1. However, under oxidative conditions, Nrf2 is activated with nuclear accumulation. RS9 is believed to dissociate Nrf2 from KEAP1 by acting on Cys-151 of KEAP1. Then, Nrf2 is translocated to the nucleus and induces an up-regulation of downstream signaling including that of HO-1. HO-1 protects photoreceptor cells directly and indirectly through M€ uller cells. 1 mM) . However, knockdown of Ho-1 increased the light-induced photoreceptor degeneration. Silencing Ho-1, protective effects of RS9 against light damage were canceled. Data are the means AE SEMs (n = 4 or 6). **p < 0.01 versus none-siRNA. ##p < 0.01 versus Negative control siRNA. $$p < 0.01 versus light-exposed group. † †p < 0.01 versus lightexposed+negative control siRNA-treated group. ‡ ‡p < 0.01 versus light-exposed+negative control siRNA+RS9-treated group (Tukey's test).
In conclusion, RS9, a novel Nrf2 activator, protects cells of a photoreceptor cell line against light-induced retinal degeneration in vitro. It also protects murine photoreceptor cells in vivo. Thus, Nrf2 should be considered as a therapeutic target for dry-type AMD.
